Introduction
Porphyrins andt heir derivatives are componentsp resent in severalc omplexes in nature such as haemoglobin, chlorophyll, cobalamine, and bacterioclorophylls. [1] They are also one of the most popular aromatic macrocyclesi ns upramolecular chemistry because of their multiple functions. [2, 3] Recently,t he synthesis of new porphyrin derivatives has been increasingly investigated owing to their great potentiali ns uch diverse areas as photochemistry,m olecular recognition, sensors,a nd molecular rotors, as well as in photodynamic cancert herapy. [4] [5] [6] [7] [8] Also, the development of as ynthetic porphyrin methodology for nonsymmetric systems is one of great interest because the existing procedures to synthesize them are low yielding. [9] [10] [11] Especially, the synthesis of dissymmetrical porphyrins presents an extra difficulty because am ixture of porphyrins is generally obtained, af act that usually implies the need for complex purification processes. [12] [13] [14] Porphyrins are photosensitizers (PS) that can promote the formation of singlet oxygen or free radicals that are highly toxic locally at the cellular level. [15] [16] [17] The target tissue is typically irradiated with red light. PS can cause significant cellular damage, destroy tumor blood vessels, and induce immunity against the damaged tissues. [18] The accumulationo ft he PS in the target region is one of the main difficulties associated with photodynamic therapy (PDT) that makes use of the photosensitizing capability of the porphyrins. More specifically,o ne of the drawbacks of PDT is that the porphyrin structures that are used generally are quite hydrophobic, which makes them difficult to formulate. However,t he most seriousd isadvantage of PDT is the nonspecific distribution of the PS in the body,which leads to adversee ffects upon ap atient's exposure to sunlight. On the other hand, gold nanoparticles (GNPs) have raised huge interest in the biomedical field because of their biocompatibility,t heir ready and versatile synthesis, as well as their ability to act as drug delivery vehicles whereby suitable functionalization can lead to site-specific accumulation. [19, 20] Therefore, photosensitizer-coated nanoparticles (NPs) are ap romisingp latform currently investigated to improves pecificity in PDT,w hile at the same time allowing the hydrophobicity of the photosensitizer to be circumvented. [21] Despite the interest in such systems, only af ew examples combine NPs and Ap otentialn ew photosensitizer based on ad issymmetric porphyrin derivative bearing at hiol group was synthesized. 5-[4-(11-Mercaptoundecyloxy)-phenyl-10,15,20-triphenylporphyrin (PR-SH) was used to functionalize gold nanoparticles in order to obtain ap otentiald rug delivery system. Water-soluble multifunctional gold nanoparticles GNP-PR/PEG were prepared using the Brust-Schiffrin methodology,b yi mmobilization of both at hiolated polyethylene glycol (PEG) and the porphyrin thiol compound (PR-SH).T he nanoparticles were fully characterized by transmission electron microscopy and 1 Hn uclear magnetic resonance spectroscopy,U V/Vis absorption spectroscopy,a nd X-ray photoelectron spectroscopy.F urthermore, the ability of GNP-PR/PEGs to induce singlet oxygen production was analyzed to demonstrate the activity of the photosensitizer.C ytotoxicity experiments showed the nanoparticles are nontoxic. Finally,c ellular uptake experiments demonstrated that the functionalized gold nanoparticles are internalized. Therefore, this colloid can be considered to be an ovel nanosystem that could potentially be suitable as an intracellular drug delivery system of photosensitizers for photodynamic therapy. photosensitizers, specifically phtalocyanines and porphyrins, [22] [23] [24] [25] [26] [27] as well as incorporate an antibody against ar eceptor present in breast cancerc ells. [28] In particular, monopodal porphyrins containing at hiol group are amenable to be linked covalentlyt og olds urfaces [29] [30] [31] as well as be coated on GNPs. [32] [33] [34] Depending on the solubility of the photosensitizer, either the Brust-Schiffrin [35] or the Turkevich [36] methods can be used for GNPs preparation. Systemsb ased on porphyrin-functionalized GNPs for PDT have been reported where porphyrincoated GNPs were prepared, and their PDT efficacy was demonstrated in vitro and in vivo. [37] [38] [39] In these published works, protoporphyrin, hematoporphyrin, and brucine-porphyrin derivatives were used to functionalize GNPs, indicating that these porphyrin derivatives are more efficient forP DT when they are immobilized on the GNPs, in comparison with the free ligands. The Turkevich method was used in these examples, because the porphyrin derivatives used are water-soluble.
As an alternative to the method that generated these earlier particles, the Brust-Schiffrin method has been employed in this work due to the possibility to immobilize non-water-soluble ligands onto the GNPs, because ab iphasic solution is used. Thus, the capability to incorporate al ipophilic PS onto the GNP surface was proven by preparing ad oublec oating with ap orphyrin derivativea nd ap olyethylene glycol (PEG) that increases the water solubility of the nanosystem.
In this context, this study describes first the synthesis of an ew dissymmetrical porphyrin composed of four phenylg roups at the meso positions, with one of them incorporating an alkyl chain with at hiol end group. Thus, 5-[4-(11-mercaptoundecyloxy)phenyl-10,15,20-triphenylporphyrin (PR-SH)w as prepared, andi ts capability to coat and stabilize watersoluble GNPs have been investigated. The porphyrin was chosen because of its similarity to second generation photosensitizers, previously studied in solution for PDT, [40] [41] [42] and the thiol group allows its incorporation onto GNPs. Therefore, water-soluble GNPs (GNP-PR/PEG)h ave been synthesized, coadsorbing the thiol-modified porphyrin andaPEG-modified thiol chain to the surfaceo ft he metal. GNPs were prepared by the Brust-Schiffrin method providing ap otential water-soluble drug delivery system in order to localize the activity of the photosensitizer.T he same methodology was used to synthesize GNP-PEG, which were used for the control experiments. The GNPs were characterizedu sing av ariety of techniques such as protonn uclear magnetic resonance spectroscopy ( 1 HNMR), UV/Vis absorption spectroscopy,t ransmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). Furthermore, the production of singlet oxygen after irradiation was measured, and the cytotoxicity of the GNPs was also analyzed in human mammary epithelial cell cultures using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation assay kit. Internalization and GNP localization inside cells were assessed by inductively coupled plasma mass spectrometry (ICP-MS) and TEM, respectively.
Results and Discussion
Synthesis and characterization of the photosensitizer PR-SH
The formation of the dissymmetrical porphyrin PR-OH,i ncorporating three phenyl groups ando ne hydroxyphenyl group at the meso positions, was achieved by reaction of pyrrole with am ixture of benzaldehyde and 4-hydroxybenzaldehyde in propionic acid (Scheme 1), that gives am ixture of all possible meso-substituted porphyrins.
Twof actorsf acilitated the isolation of PR-OH:f irst, acetonitrile washing allowed the elimination of all the impurities and pyrrole secondary products,a nd secondly,t wo rounds of silica gel column chromatography using dichloromethane and consequently chloroform,g ave good separation of the desired porphyrin PR-OH (5.4 %). [43] PR-OH was isolated as ap urple solid, and this material was furtherp urified by crystallization from acetonitrile, giving crystals suitable fors ingle-crystal X-ray characterization to know the order and packing of the structure (see Supporting Information).
The thiolated chain was incorporated by the reaction of PR-OH with 11-bromoundecyl thioacetate under basic conditions yielding PR-SAc (67 %). Subsequently,t hioacetate PR-SAc was deprotected using potassium hydroxide in am ixture of methanol and water,g iving the desired compound PR-SH as ap urple oil (80 %) (Scheme 1). The thiol chain incorporated into the porphyrin acts as al inker between the photosensitizer and the GNP.
The free porphyrins were identified and characterized using 1 HNMR spectroscopy.D eprotection of porphyrin PR-SAc to obtain PR-SH was monitored in deuterated chloroform. The peak corresponding to the methyl group of the protected thiol at 2.32 ppm was not presenti nt he spectrum of the deprotected porphyrin (PR-SH), confirming the efficiency of the deprotection protocol. Furthermore, as hift of the peak corresponding to the SÀCH 2 (from 2.88 to 2.48 ppm) was observed, indicating the presence of the SH group in PR-SH ( Figure S1 in the Supporting Information).
Preparation of gold nanoparticles (GNP-PR/PEG)
The preparation of water-soluble GNPs was performed using the biphasic method described by Brust and Schiffrin because of the low hydrophilicity of the porphyrin PR-SH (Scheme 2). Te traoctyl ammonium bromide (TOAB) was used as ap hasetransfer agenti no rder to allow the interaction between the PR-SH,s oluble in toluene, and the gold dissolved in water. Thiol-terminated PEG was also incorporated to the aqueous phase to increase the polarity of the final colloidal system. GNP-PR/PEG,w ater-soluble NPs functionalized with the PR-SH and PEG, were isolated from the aqueous phase and were purified by sequential washing and centrifugation. In order to provide am odel colloid for the biological control experiments, GNP-PEG colloids were synthesized using the same methodology described above,b ut without the incorporation of the photosensitizer.
UV/Vis absorption spectroscopy
GNP formation and the presence of the porphyrin on the GNP were confirmed by UV/Vis absorption spectroscopy.T he GNPs prepared hereh ave ac haracteristicp eak near5 20 nm originating from their surface plasmon absorption. [35] Moreover,f reebase porphyrins also present five characteristic absorption bands:t he Soret band (near 420 nm) and four Qb ands between 500 and 700 nm. [2] Figure 1s hows the UV/Vis spectra of the free-base porphyrin PR-SH and GNP-PR/PEG. PR-SH shows the typical porphyrin bands:t he Soret band at 421 nm and the Qb ands at 515, 551, 593, and 646 nm. In the case of the GNPs, the Soret band still appears at 421 nm, and although the spectra are quite broad,w eak absorption bands corresponding to the four Qb ands of the porphyrin can be identified. The typical surface plasmon resonance (SPR) peak of the GNP at 520 nm coincidesw ith the lowest wavelength absorption peak of the Qb ands of the porphyrin. UV/Vis absorption spectroscopy results also demonstrate that the core of the porphyrin is still metal-free once attached to the GNPs. During the synthesis of the GNPs, golda toms might be incorporated into the pyrrole ring because it can complex the gold(III) ion. [44] When the porphyrin complexes with gold, only one Qb and appears;a lthoughi nt he UV/Vis spectra for GNP-PR/PEG the four Q bands were identified, demonstrating am etal-free porphyrin pyrrole ring. Fluorescence of the GNP-PR/PEG was also examined, indicating al ow-intensitye mission. Quantificationo ft he amount of porphyrin per GNP was attempted using the absorption spectra and taking into account the diameter of the colloid determined by TEM (see section below). First, ac alibration line of PR-SH was obtained using ar ange of concentrations between 25 mm and 0.5 mm (Figure S3 in the Supporting Information) in order to calculate its extinction coefficient (e 418 = 38 940). The wavelength selected was that corresponding to the Soret band (418 nm) because it was the most intense peak confirming the porphyrin that appeared in the GNP spectrum. [45] The UV/Vis absorption spectrum of GNP-PR/PEG shows quite broad absorption bands, and in order to normalize the absorbance value of the Soret band, the background signal of the GNP core at 442 nm was subtracted from the Soret band peak ( Figure S4 in the Supporting Information).
Accordingly,wecalculated that the molarity of the porphyrin present on the surface of the GNPs corresponds to 7.30 mm for GNP-PR/PEG.I no rder to find the porphyrin to NP ratio, the concentration of GNP was calculated using the diameter obtained by TEM (3-4 nm) and itsa bsorbance value at 450 nm (0.56) obtaining am ean value of about 0.22 mm. [46] Using av olume of 2mLa nd Avogadro'sn umber,w eg et ar atio of about 33 porphyrin adducts per GNP for GNP-PR/PEG.
X-ray photoelectron spectroscopy analysis
To confirmt he formation of the GNPs and their functionalization with PR-SH,X PS experiments were performed. Initially,i n order to detect the gold atoms, as puttering of the sample of GNP-PR/PEG wasn ecessary to identify the peaks clearly. [47] The sputtering is normally used when the NP is completely coated, and the photoelectrons need to penetrate to detect the gold atoms. Figure S5 in the SupportingI nformation shows the binding energies of the XPS spectrum of GNP-PR/PEG,a nd the most intense peaks correspond to elements Ca nd O, indicating the presence of the PEG chain on the GNPs. Furthermore, typical peaks for the presence of Au appear at 88.5 and 85 eV corresponding to the double peaks of Au 4f 5/2 and Au 4f 7/2. These are typical values for Au 0 .A lso, very-low-intensity peaks appear in the Sa nd the N1s regions, showingt he presence of pyrrolic nitrogen atoms (NÀH) that confirm the presence of the porphyrin core. [48] Transmissionelectronmicroscopy analysis Am orphologic and size study of the GNPs described here was done using TEM. Ad rop of the GNP solutionsw as placed on ac arbon-coated copperg rid for the analysis. Figure 2a shows ar epresentative TEM image of the porphyrin-bearing GNP-PR/ PEG.S pherical NPs with an arrow distribution, in terms of size polydispersity and polymorphism, were observed. The corresponding histograms hows diameters in the range of 3.5 to 4nm( Figure 2b ). The water-soluble NPs containing only PEG (GNP-PEG)g ive ap racticallyi dentical average core size between 3.5 and 4nm( FigureS6i nt he Supporting Information). In both cases,t he particles are well separated and in very few www.chemistryopen.org cases show short distances between particles, ag ood indication that they are well dispersed in water and can be used as essentially single-particle delivery systems.
Measure of singlet oxygen production
In order to demonstrate the promising use of the GNP-PR/PEG in PDT,i ts capacity to induce the production of reactive oxygen species after laser irradiation was tested. The singlet oxygen production was examined by measuring the fluorescence decay of 9,10-anthracenedipropionic acid (ADPA), because it is photobleached in the presence of singlet oxygen. [49] [50] [51] Thus, ADPAw as added to aw ater solution of GNP-PR/PEG (0.25 mg mL À1 )a nd the sample was irradiated at 647 nm for 30 min. The sample was irradiated at 647 nm because it corresponds into the porphyrin Qb and nearest to the red region, which is aw avelength region commonly used in PDT. [16] Figure 3s hows the fluorescence spectra of ADPA, taken in 5min intervals over 30 min, as wella st he corresponding fluorescence intensityd ecay in the typical4 07 nm peak of the ADPA. After 10 min of irradiation, as ignificant decay in fluorescence intensity started, demonstrating the capacity of porphyrin-modified GNP to induce singlet oxygen production, making it ap romising candidate for PDT.
Cytotoxicity of GNP-PEGa nd GNP-PR/PEG
To assess the suitability of GNP-PEG and GNP-PR/PEG for PDT, it is necessary to evaluatet heir potential cytotoxicity in living cells. For this reason, MCF10A cells were chosen. The MTT assay has been widely used [52, 53] and recommended for the evaluation of the cytotoxicity of NPs. [54] After 24 and 72 hofculture, there was aclear and significant dose-dependentc ytotoxic effect for both types of NPs, starting at 5 mgmL À1 (Figure 4 ). GNP-PEG was significantly more cyto-toxic than the GNP-PR/PEG after incubation at both 24 and 72 h. After 24 ho fi ncubation, the IC 50 was found at 15 mgmL À1 for GNP-PEG whereas for GNP-PR/PEG,i tw as at 200 mgmL À1 . At 72 h, the IC 50 was found at 15 mgmL À1 for GNP-PEG,a nd at 20 mgmL À1 for GNP-PR/PEG.A ccording to literature, [54] [55] [56] the cytotoxicity of GNPs depends on their size and surface properties (charge, ligand density,h ydrophobicity) and on their concentration.A se ach published study has been done with different GNP sizes, surface properties, concentrations, and different cell lines, it is extremely difficult to compare the resultso btained in the present article with the published ones in ameaningful way,a lthough some trends can be found.
Regarding the size of the GNPs, on the one hand, citrate-stabilized GNPs of 5nmh aveb een shown to be cytotoxic at ac oncentration highert han 50 mm (10 mgmL À1 ), when incubated for 72 hw ith Balb/3T3 cells in an assay for colonyf orming efficiency.H owever, using the same concentration of GNPs of 15 nm did not show cytotoxicity even at the highest concentration tested-300 mm (58.8 mgmL À1 ). [57] On the other hand, it has been described that cell viability of MCF-7 and PC-3 cells was not decreased when incubated with citrate-capped GNPs of different sizes (5, 6, 10, 17 and 45 nm) and only slightly decreasedw hen incubated with similars izes (3, 8a nd 30 nm). Thus, in that work GNP size was not relatedw ith viability at least in as ize-dependent manner. [58] In the present study,t he IC 50 for GNP-PR/PEG is 200 mgmL À1 at 24 ha nd 20 mgmL À1 at www.chemistryopen.org 72 hi nc ontrast with the GNP-PEG which is more cytotoxic (IC 50 = 15 mgmL À1 at 24 and 72 h). In this case, the size of the particles are similar,a lthough GNP-PEG is slightly smaller than GNP-PR/PEG;c onsequently,i nt he present study the differences in cytotoxicity are not related to GNP size.
Ta king into accountt he surfacep roperties, it must be pointed out that GNP-PEG has been used in several studies. It has been described in literaturet hat 30, 50, and 90 nm plain GNPs stimulated cell proliferation, whereas PEGylated GNP spheres of the same size did not interfere with proliferation of PC-3 cells at ac oncentration of 1.5 nm for 88 h. [59] Other works, using GNP@MPA-PEG of 3.5 nm diameter at different concentrations( 0.08-10 mm)f ound that cytotoxicity was dose-dependent, obtaining a7 0% viability when incubated with HeLa cells for 72 hu sing the highest concentration. [60] On the other hand, no cytotoxicity was observed when CT26 cells were incubated with 4.7 nm GNP-PEG for 48 ha th igh concentrations (500-3000 mm). [61] Finally,G NPs functionalized with different PS have also been tested for cell viability.G NP-porphyrin-brucine (14.7 nm) was not cytotoxic at 1o r2 .5 mm using PE/CA-PJ34 cells, [32] whereas GNP-hematoporphyrin (15 and 45 nm) incubated with MT-4 cells was cytotoxic in ad ose-dependent manner (different percentages of hematoporphyrin and Au were tested). [33] Our results are in agreement with ad ose-dependentc ytotoxicity of GNPs. However,alower cytotoxicity was found for GNP-PR/PEG when compared with GNP-PEG, that could be explained, at least in part, by the presence of porphyrin which reduces the number of PEG molecules and probablyt heir cytotoxicity,b ecause it is known that photosensitizers are not toxic by themselves. [22] Taking all theser esults, we can confirmt hat GNP-PR/PEG does not affect cell viability at low concentrations of NPs (2-10 mgmL À1 ), and thus it is ag ood candidate for PDT.
Uptake of GNP-PEG and GNP-PR/PEG
The uptake of GNP-PEG and GNP-PR/PEG was analyzed by means of TEM and ICP-MS. Whereas TEM determines the localization of NPs inside cells, ICP-MSe nables quantification of NPs internalized by the cells. The total amount of Au presenti nt he cells (pellet)a nd in the culture medium( together with phosphate-buffered saline washes)w as quantified using ICP-MS. When cells were incubated for2 4h with 200 mgmL À1 of GNP-PEG,1 .97 %o ft he total amount of Au wasd etected in the pellet, indicating that some GNP-PEG was internalized by cells. In the same conditions, the cells werea ble to internalize 0.72 %o ft he total amounto ft he gold present in 200 mgmL À1 of GNP-PR/PEG.T hus, the cells internalized more Au from GNP-PEG than from GNP-PR/PEG.T his could explain, in part, the higher cytotoxicity of GNP-PEG in relationt oGNP-PR/PEG. However,t he IC 50 of GNP-PEG was 15 mgmL À1 ,w hereas the IC 50 of GNP-PR/PEG was more than 10 times this value (200 mgmL À1 ).
Concerning cell uptake of GNP-PEG,i th as been described that PEG prevents nonspecific interactions of serum proteins with NPsa nd, in turn, their recruitment and internalization, [46] but at least two studies have reported the internalizationo f 3-5 nm GNP-PEG. [60, 61] In both cases, as in the presentwork, internalization was analyzed by ICP-MS and TEM, demonstrating that these GNPs can be internalized by different types of cells: HeLa, [60] CT26, [61] andM CF10A (present work).T he amount of GNPs internalized varies within studies, probably due to type of GNP-PEG used and its concentration.
Analysis of the ultrathin sections of MCF10A cells incubated with 100 mgmL À1 GNPs for 24 hh as shown that both kinds of NPs, GNP-PEG and GNP-PR/PEG,h ave been taken up by the cells, and that, once inside, they are not aggregated. Thisisr elevant because it has been described that the cytotoxicity of GNPs biofunctionalized with polyvinyl pyrrolidone (GNP-PVP) on HeLa cells was caused by NP aggregation rather than particle size. [62] Small size (2 nm) NPs were not cytotoxic and did not aggregate inside HeLa cells in contrastw ith 25 nm GNP-PVP,w hich caused 50 %c ell death after 1day in culture and presented large aggregates in TEMs ections. NP clustering is an added problem when internalization uptake is compared since it is not known if aggregates are formed prior to or during interaction with the membrane. [55] On the other hand, it has been suggested that it is necessary to produce enough free energy to bind NPs to the surfaceo f the cell membranes;N Ps smaller than 14 nm need to aggregate with other NPs in ordert ob ea ble to wrap the membrane,w hile NPs larger than 50 nm can reach the membrane and be endocytosed individually by cells. [63] That would explain why GNP-PEG and GNP-PR/PEG,w hich are smaller than 50 nm, are internalized less efficiently.O wing to the small size and nonaggregation of the NPs of the presentstudy,itw as difficult to observe these particles inside the cells, but both types, GNP-PEG and GNP-PR/PEG,w ere found either in the cytoplasm,i nv esicles, in the Golgi, and also in the nucleus ( Figure 5 ). Somea uthors have found large aggregateso f5nm and 15 nm GNPs inside vesicles, but not in other subcellular organelles. [57] Othersh ave found that 3.5 nm GNP@MPA-PEG can www.chemistryopen.org reach the nuclear envelope formingl arge aggregates,c lusters of few NPs, and even some individual ones. [60] It has also been described that plain spherical GNPs of 30 nm are internalized mainly in clusters, and, once inside the cells, NPs can be seen as single particles or as clusters inside vesicles, free in the cytosol, or even in the nucleus. [59] Finally,i ndividual particles and aggregations of GNP-PVP of 2, 10, and 25 nm in the cytoplasm, mitochondria, and vesicles have been also described. [62] Overall,w ec an conclude that the surface properties of the GNP-PEG and GNP-PR/PEG prevent their clustering, hampering their uptake by MCF10Ac ells. However,w eh ave demonstrated that they can be internalized,a nd that some particles of GNP-PR/PEG were individually localized in the cytoplasm.
Conclusions
An ew thiolated porphyrin (PR-SH)h as been synthesized in only af ew steps. Thec apability of the porphyrin to be attached to gold nanoparticles (GNPs) as well as to stabilize them has been demonstrated. The corresponding GNP-PR/PEG gold colloid was prepared using the Brust-Schiffrin method incorporating the photosensitizer and ap olyethylene glycol (PEG) chain in order to make the nanoparticles water soluble. Transmission electron microscopy images of GNP-PR/PEG have been obtained showing well-dispersed spherical nanoparticles with as ize near 3-4 nm. Thec overage of the functionalized tetrapyrrole on the GNPs is approximately 30 porphyrinsp er nanoparticle. The capability of the porphyrin-modified GNP to induce singlet oxygen production was tested by observing 9,10-anthracenedipropionic acid (ADPA)p hotobleaching upon irradiation.
Cytotoxicity experiments were carriedo ut with the GNP-PR/ PEG with GNP-PEG as ac ontrol.I C 50 for GNP-PR/PEG and GNP-PEG after 24 hw ere 200 mgmL À1 and 15 mgmL À1 ,r espectively,d emonstrating that they are nontoxic.F inally,u ptake experiments using MCF10Ac ells demonstrated the internalization of the modified GNPs. Therefore, GNP-PR/PEG is novel nanosystem that could be potentially suitable as ad rug delivery system for photodynamic therapy.
Experimental Section
Solvents and reagents:propionic acid, EtOAc, hexane, distilled H 2 O, CH 2 Cl 2 ,C HCl 3 ,C H 3 CN, MeOH, toluene, and absolute EtOH were analytical grade. Commercial compounds:9 ,10-anthracenedipropionic acid (ADPA), pyrrole, p-hydroxybenzaldehyde, benzaldehyde, S-(11-bromoundecyl) thioacetate, HAuCl 4 ·3 H 2 O, tetraoctyl ammonium bromide (TOAB), and NaBH 4 were purchased from Sigma-Aldrich. NaHCO 3 ,K 2 CO 3 ,a nd KOH were purchased from Panreac. a-Thio-w-hydroxy polyethylene glycol (487 Da) (PEG) was purchased from Prochimia.
Instrumentation: 1 HNMR and 13 CNMR spectra were recorded using a4 00 MHz spectrometer (Varian, Palo Alto, USA). Chemical shifts (d)a re expressed in ppm relative to the solvent peak (CDCl 3 ). Thin-layer chromatography (TLC) was performed on F 254 -silica-gelcoated plates from Merck. Column chromatography was carried out on silica gel 60 (Merck 9385, 230-400 mesh).UV/Vis absorption spectra were obtained using aU V-1800 spectrophotometer (Shi-madzu, Kyoto, Japan). Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis was performed using aV oyager-DE-RP (Appplied Biosystems, Framingham, USA) mass spectrometer,a nd high-resolution mass spectra (HRMS) were obtained with electrospray ionization (ESI) on al iquid chromatograph/mass-selective detector time-of-flight LC/MSD-TOF mass spectrometer (Agilent Te chnologies, Santa Clara, USA) at the Centres Cientifics iT cnològics de la Universitat de Barcelona (CCiT-UB). MS analysis was operated in the delayed-extraction mode using 2,5-dihydroxybenzoic acid as am atrix. TEM experiments were performed at the CCiT-UB. The samples were observed with aT ecnai SPIRIT microscope (FEI Co.,H illsboro, USA) at 120 kV. The images were captured by aM egaview III camera and digitalized with the iTEM program. The size of the gold core of the NPs was measured with the analysis software (Olympus). XPS experiments were performed in aP HI 5500 Multitechnique System (Physical Electronics, Chanhassen, USA) with am onochromatic X-ray source (aluminum K-alpha line of 1486.6 eV energy and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d 5/2 line of Ag with af ull width at half maximum (FWHM) of 0.8 eV.T he analyzed area was ac ircle of 0.8 mm diameter.T he selected resolution for the spectra was 187.5 eV of pass energy and 0.8 eV/step for the general spectra and 23.5 eV of pass energy and 0.1 eV/step for the spectra of the different elements. All measurements were made in an ultra-high vacuum (UHV) chamber with ap ressure between 510 À9 and 210 À8 torr.F luorescence spectroscopy measurements were performed using aJ obin-Yvon SPEX Nanolog-TM spectrofluorometer (Horiba, Kyoto, Japan).
5-[4-
Hydroxyphenyl]-10,15,20-triphenylporphyrin (PR-OH):D ry pyrrole (4.57 mL, 65.6 mmol) was added to propionic acid (100 mL, 140 8C) at reflux. Subsequently, p-hydroxybenzaldehyde (2 g, 16.4 mmol) and benzaldehyde (5 mL, 49.2 mmol) were added to the solution at reflux, and the reaction mixture was stirred for 2h. Then, propionic acid was evaporated in vacuo, and the crude mixture was redissolved in EtOAc and washed with H 2 O( 3100 mL) and with as olution of 5% NaHCO 3 (3 100 mL). Then the organic phase was dried with MgSO 4 ,f iltered, and the solvent was evaporated in vacuo. CH 3 CN (70 mL) was added and ap urple solid was obtained by filtration. The mixture of porphyrins was separated by silica gel column chromatography using CH 2 Cl 2 as the eluent, followed by column chromatography in CHCl 3 giving PR-OH as ap urple solid (560 mg, 5.4 %); [43] Water-soluble porphyrin/PEG-functionalized GNPs (GNP-PR/ PEG):W ater-soluble GNPs were synthesized using the Brust-Schiffrin method. [35] HAuCl 4 ·3 H 2 O( 63 mg, 0.16 mmol) was dissolved in H 2 O(5mL) and added to astirred solution of tetraoctyl ammonium bromide (202 mg, 0.37 mmol) in toluene (10 mL). Next, PR-SH (20 mg, 0.021 mmol) was dissolved in toluene (1.5 mL) and added to the stirred solution, and subsequently thiol-PEG (20 mg, 0.042 mmol) was added to the biphasic solution. An excess of aqueous reducing agent NaBH 4 (45 mg, 1.26 mmol) in H 2 O( 5mL) was also added to the mixture dropwise. The reaction was allowed to occur while stirring at rt overnight. The aq phase of the resulting dark red solution was separated using an extraction funnel and was subjected to H 2 Or emoval in ar otary evaporator,f ollowed by multiple washings with EtOH (3 5 mL) using centrifugation. Finally,ared solid (137 mg) was obtained which was dissolved in H 2 O (5 mL) giving GNP-PR/PEG that was characterized by UV-Vis, TEM, XPS, and 1 HNMR. Synthesis of the GNP-PEG was performed as was described before for the GNP-PR/PEG but the porphyrin was not added.
Singlet oxygen experiments:S inglet oxygen formation was monitored using fluorescence spectroscopy determining the fluorescent decay of ADPAupon irradiation. ADPA(100 mLofa1.2 mm solution in MeOH) was added to GNP-PR/PEG (3 mL of 0.25 mg mL À1 in H 2 O). The mixture was added to aq uartz cuvette with al ength of 1cm, and it was irradiated at 647 nm using the laser source of the fluorimeter (5 slits) for ad uration of 30 min. Every 5min, fluorescence emission spectra of the mixture was recorded between 365 and 600 nm (l ex = 355 nm).
Cell culture:T he MCF10A nontumorigenic epithelial cell line was purchased from the American Type Culture Collection (ATCC) and maintained in Dulbecco's modified eagle medium F12 (DMEM/F12) (Gibco) supplemented with 5% horse serum (Gibco), 20 ng mL À1 epidermal growth factor (Gibco), 0.5 mg mL À1 hydrocortisone (Sigma), 100 ng mL À1 cholera toxin (Sigma), and 10 mgmL À1 insulin (Gibco) at 37 8Ca nd 5% CO 2 .C ells were split 1:3every 72 h.
Cytotoxicity of GNP-PEG and GNP-PR/PEG:C ytotoxicities of GNP-PEG and GNP-PR/PEG were determined using the Vybrant MTT Cell Proliferation Assay Kit (Molecular Probes), following the manufacturer's instructions. MCF10A cells were seeded in 96-well dishes at adensity of 5000 cells/well and grown for 72 hwhen confluence was reached. Then, cells were incubated with GNP-PEG or GNP-PR/PEG at six different concentrations:2 ,5 ,1 0, 15, 20, or 200 mgmL À1 .A fter 24 or 72 h, the medium was replaced with fresh culture medium (100 mL) and as tock solution of MTT (10 mLo f 12 mm) and incubated for 2h.A fterwards, the medium was removed leaving only 25 mL, and then DMSO (50 mL) was added. Cells were incubated for 10 min at 37 8Ca nd 5% CO 2 to solubilize the formazan crystals. The measurement of absorbance was done at 570 nm using aV ictor 3M ultilabel counter (PerkinElmer,W altham, USA). For each treatment, viability was calculated as the absorbance of treated cells divided by the absorbance of untreated control cells. IC 50 values (concentration of NPs that resulted in 50 % of cell viability) were obtained from three independent experiments.
ICP-MS analysis:C ells were seeded in 24-well dishes at ad ensity of 310 4 cells/well. After 48 h, GNP-PR/PEG or GNP-PEG was added to the culture medium at ac oncentration of 200 mgmL À1 and incubated for 24 h. After co-incubation, the cell culture medium containing GNPs was collected, and the attached cells were washed with phosphate-buffered saline (PBS) twice to remove the GNPs that adhered to the plasma membrane. Then, cells were harvested by trypsinization and collected in as eparate tube. Cells were collected by centrifugation, and the cell pellet was digested in aqua regia (HNO 3 :HCl 1:3) at 150 8Cf or 20 min. After that, the amount of gold in the cells and culture medium was determined on an Agilent 7500ce ICP-MS (Agilent, Santa Clara, USA).
TEM analysis:T oa nalyze the intracellular location of GNPs, 110 6 MCF10A cells were seeded in a9cm 2 plate and grown for 48 h. Afterwards, GNP-PEG or GNP-PR/PEG (100 mgmL À1 )w as added to the culture. After 24 hint he presence of the GNPs, cells were fixed with 2.5 %g lutaraldehyde in phosphate buffer (PB) for 1h at 4 8C, washed with PB, and postfixed with 1% OsO 4 in PB containing 0.8 %K 3 [Fe(CN) 6 ]a t4 8 C. Then, samples were dehydrated in acetone, infiltrated with Epon resin (Electron Microscopy Sciences) for 48 h, embedded in the same resin, and polymerized at 60 8Cf or 48 h. Ultrathin sections were obtained using aL eica Ultracut UC6 ultramicrotome (Leica Microsystems, Wetzlar,G ermany) and mounted on Formvar-coated copper grids. They were gently stained with 2% uranyl acetate in H 2 Of or 10 min. Finally,s ections were observed in aJ eol-J1010 electron microscope (Jeol Ltd, To kyo, Japan) equipped with aS IS Megaview III CCD camera and with aJ eol-JEM 2011e lectron microscope (Jeol Ltd, To kyo, Japan) (operated at 200 kV) equipped with energy dispersive X-ray (EDX) compositional analysis.
Statistical analysis:D ata were analyzed using IBM SPSS Statistics (Ver.1 9.0;O regon, USA). First, all data were tested for normality and homoscedasticity by using the Kolmogorov-Smirnov and Levene tests. In the case of data at 24 h, ap revious arcsin p x transformation on viability percentages was applied to accomplish the parametric assumptions. Then, one-way analysis of variance (ANOVA) was run followed by ap ost-hoc ScheffØ test for pairwise comparisons. For data at 72 h, no linear transformation remedied the heteroscedasticity,a nd in this case the Kruskal-Wallis and Mann-Whitney tests were applied as an alternative to parametric ChemistryOpen 2015, 4,127 -136 www.chemistryopen.org statistics. In all the cases, the level of significance was set at p < 0.05, and data are shown as means AE standard error of the mean (SEM).
